Purpose MDMA is a psychoactive drug that has been increasingly abused worldwide, due to its entactogenic properties. However, concerns on its safety exist, particularly regarding its effects on attentional skills and performance. Evidence from the literature shows contrasting effects of MDMA. It generally acts as a pshychomotor stimulant, thus improving arousal and psychomotor function. However, MDMA has been demonstrated to negatively influence other skills. Consequently, human activities that require alertness, and accurate and quick reflexes (i.e. driving, operations at the workplace, etc.) could be negatively affected. In the present study, the effect of MDMA (0.1-20 mg/kg, intraperitoneally) on sensorimotor and startle/ prepulse inhibition responses was evaluated in a controlled rodent experimental setting. Methods Sensorimotor studies, evaluation of visual, acoustic, and tactile responses, evaluation of spontaneous locomotion, startle and repulse inhibition analyses were performed in an experimental controlled rodent model (rats and mice), following the administration of MDMA (0.1-20 mg/kg) intraperitoneally. Results Our findings show that all the MDMA-treated animals had impaired sensorimotor and prepulse inhibition responses compared to the control subjects at the early (5, 30 and 60 min) testing time points while all the effects disappeared, respectively, 6, 16 and 24 h post-MDMA treatment. Conclusions Within the ongoing debate on the safety of recreational abuse of MDMA, our results reveal acute prominent changes in sensorimotor and attentional performance, sensor response to external stimuli, and locomotor activity due to a single administration of a dose of MDMA (corresponding to a dose producing in humans both 'desirable' entactogenic effects and physiological adverse effects).
Introduction
3,4-Methylenedioxymethylamphetamine or MDMA, also known as 'ecstasy' or 'molly', is an increasingly abused psychoactive drug. There is widespread concern for potential MDMA abuse and for the possible reduced perception of associated risks [1] .
MDMA is a recreationally-used drug, due to the fact that it is an entactogen [2] , and enhances energy, endurance, sociability, openness, positive mood, calmness, self-esteem and self-confidence, and sexual arousal [3] . These 'positive' effects constitute the generally reported main reasons for MDMA use given by ecstasy users [4] . However, concerns regarding its safety and neurotoxic profile are on the increase [5, 6] .
Acute MDMA toxicity, widely documented both in humans and in animal models, mainly regards effects on the neuroendocrine, thermoregulatory, and cardiovascular systems [7] .
A particularly debated issue is the effect of MDMA assumption on attentional skills and performance [8] .
Evidence from the literature shows the different effects of MDMA. It generally acts as a psychomotor stimulant, thus improving arousal and psychomotor function. Accordingly, several authors report that MDMA could increase tracking performance [9] , psychomotor speed [9, 10] , and impulse control [11] . However, evidence of the opposite effects exists. In fact, it has been shown that MDMA negatively influences other skills such as spatial memory performance [12] , movement perception [12] and divided attention [9] . Consequently, human activities that require alertness, accurate and quick reflexes (i.e., driving, operations at the workplace, etc.) could be adversely affected [13, 14] . MDMA and its metabolites have frequently been found in the biological samples of people involved in traffic accidents [9, 15] , thus suggesting that MDMA could affect driving performance [16] . Similarly, it is widely reported that the use of alcohol and drugs may reduce workplace safety [17] . However, as in many other drugs of abuse, data from MDMA users are often difficult to interpret, as they are frequently grounded on self-reported variables of time and dose through the use of questionnaires [18] , are confused by polydrug abuse that may interact with MDMA itself [19] , and, finally, by high dose variability in ecstasy tablets [20] .
Moving from the above considerations, we aimed to investigate if the administration of pure MDMA compound to experimental animal models (rat and mouse) with controlled dosing (0.1-20 mg/kg, intraperitoneally) and housing regimens may alter the ability of animals to receive and integrate sensory stimuli. To this aim we investigated the effect of MDMA on sensorimotor (visual, acoustic and tactile) alterations and on startle/prepulse inhibition responses in both rats and mice. Moreover, the effects of MDMA on spontaneous locomotion were investigated.
Materials and methods

Animals
Ninety male outbred ICR mice (CD-1 ® ; Harlan Italy; S. Pietro al Natisone, Italy) weighing 25-30 g (group-housed 8-10 mice per cage; floor area per animal was 80 cm 2 ; minimum enclosure height was 12 cm) and 90 male albino rats (Wistar; Charles River) weighing 200-250 g (group-housed six rats per cage) were housed in a colony room with constant temperature (20-22 °C) and humidity (45-55%) . Food (Diet 4RF25 GLP; Mucedola, Settimo Milanese, Milan, Italy) and tap water were available ad libitum all the time the animals spent in their home cages. The daylight cycle was maintained artificially (dark between 6 pm and 6 am). Experiments were performed during the light phase and each mouse was used for only one experiment. Experimental protocols performed in the present study were in accordance with the new European Communities Council Directive of September 2010 (2010/63/EU), a revision of the Directive 86/609/EEC, and were approved by the Italian Ministry of Health (licence n. 335/2016-PR) and by the Ethics Committee of the University of Ferrara. Moreover, adequate measures were taken to minimize the number of animals used as well as their pain and discomfort. We made every effort to minimize pain and suffering, and to reduce the number of animals used. In behavioural studies for each treatment (saline or MDMA 0.1-20 mg/kg) we used eight mice or rats, while in startle/prepulse inhibition studies for each treatment (saline or MDMA 0.1-20 mg/kg) we used ten mice or rats.
Drug Preparation and dose selection
MDMA, purchased from LGC Standards S.r.l (Milan, Italy), was dissolved in saline solution and administered intraperitoneally (i.p.) in mice (at a volume of 4 µl/g) or rats (0.7 µl/g). The highest dose used for MDMA (20 mg/kg i.p.) was chosen based on both previous preliminary studies on rodents [21, 22] and on behavioural and neurological effects reported in human subjects (https ://erowi d.org/chemi cals/ mdma/mdma_dose.shtml ) [8] .
Indeed, considering the human experiences of consumers of MDMA [8] , it can be assumed that a typical recreational MDMA dose (75-125 mg) produces pleasurable and dysperceptive effects, feelings of euphoria and stimulation [23] , but also tachycardia, trismus, and bruxism, while a higher MDMA dose (~ 200 mg) is considered a strong dosage that causes adverse effects. Using interspecies dose scaling, a drug dose of 20 mg/kg in a mouse is equivalent to that assumed by a human being weighing 70 kg taking a dose of ~ 1.62 mg/kg orally (a tablet containing ~ 113 mg of MDMA) while 20 mg/kg in rats is equivalent to that assumed by a human being weighing 70 kg taking a dose of ~ 3 mg/kg orally (a tablet containing ~ 200 mg of MDMA). MDMA or saline solution was administered 5 min before the beginning of the tests.
Behavioural studies
The effects of MDMA (0.1-20 mg/kg, i.p.) were investigated using a battery of behavioural tests widely used in studies of 'safety-pharmacology' for the preclinical characterization of new molecules in rodents [24] . These tests have also been validated to describe the pharmacological and toxicological effects of novel psychoactive substances [25, 26] . To reduce the animals' stress induced by manipulation, and to confirm the stability and reproducibility over time of the responses to our tests, animals were trained twice a week for 2 weeks before the pharmacological treatment. All experiments were performed between 8.30 a.m. and 2 p.m. Experiments were conducted in blind by trained observers working together in pairs [27] . The behaviour of mice/rats (sensorimotor responses) was videotaped and analysed off-line by a different trained operator who gave test scores.
Sensorimotor studies
We studied the voluntary and involuntary sensorimotor responses resulting from different mouse/rat reactions to visual, acoustic and tactile stimuli [26] . In animals, including humans, the startle response is a largely unconscious defensive response to sudden or threatening stimuli, such as a sudden noise or sharp movement, and is associated with negative effects. Usually the onset of the startle response is a startle reflex reaction, a brainstem reflectory reaction (reflex) that serves to protect vulnerable parts, such as the back of the neck (whole-body startle) and the eyes (eyeblink) and facilitates escape from sudden stimuli [28] .
Evaluation of the visual response Visual response was verified by two behavioural tests, which evaluated the ability of the mouse/rat to capture visual information both when the animal is stationary (the visual object response) and when it is moving (the visual placing response). A visual object response test was utilized to evaluate the ability of the rodent to see an object approaching from the front or the side, then inducing the animal to shift or turn the head or withdraw it [26] . For the frontal visual response, a white horizontal bar moved frontally to the mouse/rat head, and the manoeuvre was repeated three times. For the lateral visual response, a small dentist's mirror was moved into the animal's field of vision in a horizontal arc, until the stimulus was between the rodent's eyes. The procedure was conducted bilaterally and repeated three times. The score assigned was a value of 1 if there was a reflection in the rodent movement or 0 if not. The total value was calculated by adding the scores obtained in the frontal with that obtained in the lateral visual object response (overall score 9). Evaluation of the visual object response was measured at 0, 5, 30, 60 min and 6, 16 and 24 h post injection.
A visual placing response test was performed using a tail suspension modified apparatus able to bring down the animal towards the floor at a constant speed of 10 cm/s [26] . The downward movement of the mouse/rat was videotaped. The frame by frame analysis allows us to evaluate the beginning of the reaction of the animal while it is close to the floor. When the animal's reaction starts, an electronic ruler evaluates the perpendicular distance in millimetres between the eyes of the rodent to the floor. Untreated animals perceive the floor and prepare for contact at a distance of about 28 ± 3.5 mm (rats) and 19 ± 3.6 mm (mice). Evaluation of the visual placing response was measured at 0, 10, 35, 65 min and 6, 16 and 24 h post injection.
Evaluation of acoustic response Acoustic response measures the sensorimotor reaction of the mouse/rat in replay to an acoustic stimulus produced behind the animal [28] . In particular, four acoustic stimuli of differing intensity and frequency were tested [26] . A snap of the fingers (four snaps repeated in 1.5 s), a sharp click (produced by a metal instrument; four clicks repeated in 1.5 s), an acute sound (produced by an audiometer that reproduces a highpitched sound at a frequency of around 5.0-5.1 kHz) and a severe sound (produced by an audiometer that reproduces a sound at a frequency of around 125-150 Hz). Each test was repeated three times, giving a value of 1 if there was a response, or 0 if not present, for a total score of 3 for each sound. The acoustic total score was calculated by adding scores obtained in the four tests (overall score 12). Background noise (about 40 ± 4 d,B) and the sound from the instruments were measured with a digital sound level meter. Evaluation of the acoustic response was measured at 0, 10, 35, 65 min and 6, 16 and 24 h post injection.
Evaluation of tactile response
The tactile response was verified through vibrissae, pinna and corneal reflexes [26] . Evaluation of the tactile responses was measured at 0, 5, 30, 60 min and 6, 16 and 24 h post injection.
Vibrissae reflex was evaluated by touching vibrissae (right and left) with a thin hypodermic needle once per side giving a value of 1 if there was a reflex (turning of the head to the side of touch or vibrissae movement) or 0 if not present (overall score 2).
Pinna reflex was assessed by touching pavilions (left and right, firstly the interior and then the external), with a thin 1 3 hypodermic needle. The test was repeated twice for both sides, assigning a value of 1 if there was a reflex and 0 if not present (overall score 4).
Corneal reflex was assessed gently touching the cornea of the mouse/rat with a thin hypodermic needle and evaluating the response, assigning a value of 1 if the rat moved only the head, 2 if it only closed the eyelid, 3 if it closed the lid and moved the head. The procedure was conducted bilaterally (overall score 6).
Evaluation of spontaneous locomotion
Since MDMA-induced hyperlocomotion [29] has been described in rodents, we investigated, in our controlled experimental setup, the effects of the administration of increasing doses of MDMA (0.1-20 mg/kg, i.p.) on spontaneous motor activity.
Spontaneous locomotor activity was investigated by using a camera (B/W USB Camera day and night with varifocal lens; Ugo Basile, Italy) and films were analysed off-line by a trained operator who did not know the drug treatments performed. The mouse/rat was placed in a square plastic cage (60 × 60 cm) located in a sound-and light-attenuated room and horizontal motor activity (in s) and turning behaviour (number of rotations) were monitored for 5 min at each time point (0, 10, 35, 65 min and 6, 16, 24 h post injection). To avoid rodents' olfactory cues, cages were carefully cleaned with a diluted (5%) ethanol solution and washed with water between animal trials.
Startle and repulse inhibition analysis
Considering the fact that MDMA impairs startle/prepulse inhibition (startle/PPI) paradigm in rats [30] and in some strains of mice [31] , in our controlled experimental setup we investigated the effects of the administration of increasing doses of MDMA (0.1-20 mg/kg, i.p.) on startle/PPI in both mice and rats.
Mice and rats were tested for acoustic startle reactivity in startle chambers (Ugo Basile apparatus, Milan, Italy) consisting of a sound-attenuated, lighted and ventilated enclosure holding a transparent non-restrictive Perspex ® cage (84 × 39 × 44 mm for mice and a modified version, 200 × 90 × 80 mm, for rats). A loudspeaker mounted laterally by the holder produced all acoustic stimuli. Peak and amplitudes of the startle response were detected by a loadcell. At the onset of the startling stimulus, 300-ms readings were recorded and the wave amplitude evoked by the animal movement startle response was measured.
Acoustic startle test sessions consisted of startle trials (pulse-alone) and prepulse trials (prepulse + pulse). The pulse-alone trial consisted of a 40-ms 120-dB pulse. The prepulse + pulse trials sequence consisted of a 20-ms acoustic prepulse, 80-ms delay, and then a 40-ms 120-dB startle pulse (100-ms onset-onset). There was an average of 15 s (range = from 9 to 21 s) between the trials. Each startle session began with a 10-min acclimation period with a 65-dB broadband white noise that was present continuously throughout the session. The test session contained 40 trials composed of pulse-alone and prepulse + pulse trials (with three different prepulses of 68-dB, 75-dB and 85-dB) presented in a pseudorandomized order. Animals were placed in the startle chambers 5 min after treatment with MDMA. The entire startle/PPI test lasted 20 min. The amount of prepulse inhibition (PPI) was expressed as the percentage decrease in the amplitude of the startle reactivity caused by the presentation of the prepulse (% PPI). MDMA (0.1-20 mg/kg) was administered intraperitoneally and startle/PPI responses were recorded 15 min (including the 10 min acclimation period) after drug injections.
Data and statistical analysis
In sensorimotor response experiments, data were expressed in arbitrary units (visual objects response, acoustic response, vibrissae, corneal and pinna reflex) and percentage of baseline (visual placing response). Spontaneous locomotion was expressed as a percentage of baseline and turning behaviour as number of rotations. The amount of PPI was calculated as a percentage score for each prepulse + pulse trial type: % PPI = 100 − {[(startle response for prepulse + pulse trial)/(startle response for pulse-alone trial)] × 100}. Startle magnitude was calculated as the average response to all pulse-alone trials. All the numerical data were given as mean ± SEM (Standard Error of the Mean). In sensorimotor (Figs. 1, 2) and locomotor activity (Fig. 3) experiments, the statistical analysis was performed by two-way ANOVA followed by Bonferroni's test for multiple comparisons. In startle/prepulse inhibition experiments (Fig. 4) the statistical analysis was performed by one-way ANOVA followed by Bonferroni's test for multiple comparisons. Statistical analysis was carried out using Prism software (GraphPad, San Diego, CA, USA).
Results
Evaluation of the visual object response
Visual object response did not change in saline-treated rats/ mice over the period of observation (Fig. 1a, b) . 
Evaluation of the visual placing response
Visual placing response did not change in saline-treated rats/mice over the period of observation (Fig. 1d, e) . Systemic administration of MDMA (0.1-20 mg/kg i.p.) reduced the visual placing response in rats at 10, 35 and 65 min, and the effect disappeared at 6, 16 and 24 h after injection [ Fig. 1d ; ANOVA detected a significant (p < 0.0001) 
Evaluation of the acoustic response
Acoustic response did not change in saline-treated rats/ mice over the period of observation (Fig. 1g, h by MDMA on acoustic response were not different in rats and mice (Fig. 1i) .
Evaluation of the vibrissae reflex
Vibrissae reflex did not change in saline-treated rats/ mice over the period of observation (Fig. 2a, b) . Systemic 
Evaluation of the corneal reflex
Corneal reflex did not change in saline-treated rats/mice ( 
Evaluation of the pinnae reflex
Pinnae reflex did not change in saline-treated rats/mice (Fig. 2g, h ). 
Studies on spontaneous locomotor activity
Horizontal spontaneous locomotor activity tended to decrease in saline-treated rats/mice (~ 60% reduction at 65 min; Fig. 3a, b) . The inhibitory effect of MDMA on startle/PPI in both rats and mice disappeared at 6 h after administration of the compound (data not shown).
Discussion
In this study we investigated the effects of pure MDMA compound (0.1-20 mg/kg) administration on sensorimotor response and on startle/prepulse inhibition paradigm in a controlled setting of animal (rodents) experiment. Our major findings were that all the MDMA-treated animals had impaired sensorimotor and prepulse inhibition responses compared to the control subjects at the early (5, 30 and 60 min) testing time point while all the observed effects disappeared, respectively, 6, 16 and 24 h post MDMA treatment. The serotonin releasing agent also stimulates hyperlocomotion in both rats and mice. Systemic high doses of MDMA administration promptly affected motor and sensorimotor responses in both rats and mice. In particular, sensorimotor responses were reduced as early as 5 min after drug administration. All observed effects reached a maximum in the time window ranging from 10 min to 70 min (depending on the behavioural test), and then they started to decrease. The rapid changes observed in sensorimotor functions reflected in vivo pharmacokinetic studies in rats showing that intraperitoneal administration of 10 mg/kg MDMA produced a rapid increase in circulating levels of MDMA over time-significantly higher compared with those for the subcutaneous and oral route. In particular, intraperitoneal injection of MDMA increased plasma levels of MDMA with maximum peak concentrations achieved by about 8 min after drug injection [32] , while oral administration with MDMA increased plasma levels of MDMA with maximum peak concentrations achieved by about 30-60 min after MDMA injection [32] . Moreover, in a murine study, a high concentration of fluorine-18 and carbon11 labelled MDMA was detected in the brain of mice after 5 min from radiotracers intravenous injection [33] . The duration of the observed effects (i.e., 10-70 min) is in line with previous in vivo microdialysis studies showing that systemic intraperitoneal MDMA administration promotes MDMA increase in the rodent brain. Systemic injection of 15 mg/ kg MDMA rapidly increased MDMA concentration in hippocampal dialysate of rats. The MDMA concentration was maximal between 30 and 60 min and then declined progressively [34] . This time-course of rise in MDMA concentrations in brain areas may account for the duration of in vivo 5-HT and DA (dopamine) release (i.e., ranging from 60 to 120 min) in brain areas of rodents [35, 36] and also for the observed behavioural effects. Immunohistochemical investigation revealed the encephalic distribution of the substance. De Letter et al. [37] , in MDMA-related fatal cases, demonstrated a marked immunoreactivity (anti-MDMA) corresponding to neurons in all cortical regions, basal ganglia, hypothalamus, hippocampus, cerebellar vermis, and white matter. Our previous experimental study confirmed the topographic distribution of MDMA, showing a different distribution of MDMA over time, with a markedly positive reaction in the basal ganglia and thalamus in rats sacrificed at 6 h after treatment, and a subsequent weaker uniform positivity in the frontal cortex, striatum, hippocampus, and thalamus (16-24 h) [6] .
MDMA-induced sensorimotor alterations, especially visual ones, might be due to the activation of selective serotonin receptor in cortical brain areas as typically reported for 5HT 2A agonists [38] . Such hallucinogenic compounds exhibit high affinity for 5-HT 2A receptors [39] . Genetic or pharmacological inactivation of 5HT 2A receptor signalling blocks the behavioural effects of hallucinogenic compounds in a variety of species, including mice, rats, and humans [40] . Taken together, these findings indicate that 5-HT released by MDMA, through activating 5HT 2A receptor in cortico-visual circuits, could impair sensorimotor responses, probably by promoting a 'disperceptive state'. In fact, MDMA reduces light startle and light prepulse inhibition in male albino Wistar rats [41] . The decrease in the acoustic response is consistent with the inhibition of startle reflex observed in the present study and with previous studies demonstrating that MDMA disrupts acoustic startle in both rats [30] and mice [31] . The impairment of acoustic responses could be related to the stimulation of specific serotonin receptor subtypes, since the administration of DOI (2,5-dimethoxy-4-iodoamphetamine), a 5HT 2A receptor agonist, disrupted the acoustic startle response in Sprague-Dawley rats [42] . Recently, the role of serotonin has been demonstrated in modulating auditory brainstem responses in mice, starting from the cochlear nucleus [43] . Indeed, in the dorsal region of this nucleus, the activation of 5HT 2 receptors increases the electrical activity of neurons, leading to the final suppression of the auditory process [44] . Besides the reduction of sensory responses to visual and acoustic stimuli, MDMA also reduces sensorimotor responses to tactile stimulation of the vibrissae, pinna and corneas. This effect is in accordance with previous studies that prove that the serotonin reuptake inhibitor fluoxetine decreases tactile startle in rats, via actions at 5-HT 2 receptors [45] . Differently, Kehne and collaborators (1992) have shown that MDMA facilitates tactile startle reflex in rats by modulating ascending (dorsal raphe) and descending (spinal) serotonergic pathways [41] . Overall, these findings support the hypothesis that MDMA, enhancing the release of 5-HT, is directly involved in the modulation of the tactile sensorimotor response in animals.
Besides demonstrating the reduction of sensorimotor responses, our study shows that MDMA at 20 mg/kg also impairs acoustic sensorimotor gating in the startle/PPI paradigm in both rats and mice. Our results are in line with previous studies highlighting that MDMA disrupts startle and inhibits prepulse inhibition in rats [30] and some strains of mice [31] . PPI deficits in rodents could be related to an increase in 5-HT and DA induced by MDMA [46] . Our study confirms that the effect of MDMA on the outbred ICR mouse strain [47] more closely resembles the effects of MDMA in outbred rats, which is to reduce sensorimotor gating at multiple prepulse intensities [30] . Sensorimotor gating is a neural mechanism that inhibits extraneous sensory, cognitive, and motor information to permit mental integration and adaptive behaviour. Prepulse inhibition, an operational measure of sensorimotor gating, is a neurological phenomenon in which a weaker prestimulus (prepulse) inhibits the reaction of an organism to a subsequent strong startling stimulus [48] . PPI levels indicate the current integrity of sensorimotor gating mechanisms by measuring the extent to which current information processing routines elicited by the prepulse are interrupted by the subsequent startling stimulus, and PPI is considered a useful biomarker in elucidating neurobiological substrates underlying several neuropsychiatric disorders [49] .
Overall, these data clearly demonstrate that a dose of 20 mg/kg MDMA not only disrupts the ability of animals to receive external information (visual, acoustic and tactile) but also impairs sensorimotor integration. In our study we used a dose of MDMA (20 mg/kg) which stimulated locomotion and induced motor stereotypies (i.e., body rotations) both in mice and rats [29] . MDMA-induced motor activation in rodents was related to the increased release of 5-HT and DA in the basal ganglia and specifically in striatal nuclei [35, 36, 50] . According to the hypothesis of Sprague et al. (1998) , acute doses of MDMA initially released 5-HT. Serotonin released by MDMA decreases inhibitory GABAergic transmission via 5-HT 2A/C receptors situated on GABA interneurons, and this increases DA release [51] . The fact that both serotoninergic and dopaminergic transmission are directly involved in the MDMA-induced motor effect is confirmed by genetic and pharmacological in vivo studies. In knockout mice lacking 5-HT 1B receptor, locomotor response was abolished after MDMA administration [52] , while hyperactivity induced by a high dose (20 mg/kg) of (±)-MDMA was attenuated by antagonists with affinity for 5-HT 1B/1D and 5-HT 2A/2C receptors, and even DA receptors [53] . Similarly, McCreary and colleagues show that (+)-MDMA-induced hyperactivity is prevented by blocking the 5-HT 1B/1D receptors and to a lesser extent the 5-HT 1A receptors [54] . Moreover, some studies indicate that (±)-MDMA, S(+)-MDMA, and R(−)-MDMA induced ipsilateral rotation in unilateral 6-hydroxydopamine lesioned rats, which suggests a prominent role for the release of dopamine at the doses employed [55, 56] . In our study the evidence that MDMA increases motor activity in the mouse more than in the rat is in accordance with recent microdialysis studies in mice that have shown that the effect of MDMA on 5-HT release was less potent than that on DA release. This does not correspond to the rank order of potency for MDMA inhibition of the DA and 5-HT uptake in vitro, where MDMA exhibits a higher potency at serotonin transporter (SERT) than at dopamine transporter (DAT) [57] . However, it has to be noted that MDMA has the ability to directly bind to a number of classical neurotransmitter receptors that may contribute to a stronger MDMA effect on DA release. For instance, MDMA, by acting directly on brain nicotinic acetylcholine receptors, may increase striatal DA release [58] . These pharmacodynamic factors, associated with the different metabolism of MDMA, may underlie the different efficacy and potency of MDMA in modulating locomotor activity and sensorimotor responses in rats and mice.
The effects of MDMA on basic cognitive skills in humans are still debated. Authors report that simple reaction time, visual attention, vigilance and other basic cognitive skills generally remain unaltered in abstinent Ecstasy/MDMA users [59] . On the other hand, some basic skills may be affected in the case of high information processing loads, or dual-task processing [8] . Tasks requiring the recall of spatial stimulus elements, figural recognition, and production/ reproduction of figures are reported to be mainly affected in Ecstasy/MDMA [60] . Conclusively, while many simple cognitive skills seem to be unaffected, there is extensive evidence of deficits in memory and higher information processing [8] .
Furthermore, several studies suggest that MDMA has task specific effects on driving. According to recently published data, MDMA accounts for a remarkable number of fatalities, and it is detectable at a significant rate for traffic accidents [61] . However, as for many other drugs of abuse [16] , a complex link between MDMA and driving is reported in the literature [62] , suggesting that while MDMA could improve performance in some driving domains, other similarly relevant driving items could be negatively affected by MDMA [62] .
In a recent systemic review of observational studies, Hayley et al. [63] showed, as best literature evidence, a conflicting level of evidence for associations between the use of amphetamine-type substances and the risk of traffic accidents. On the one hand, these authors report that limited and not univocal experimental data exist, showing that amphetamine-type substances can reduce certain behavioural and cognitive domains which are significant for driving ability, thus potentially leading to an increased risk 1 3 of traffic accidents and fatalities. On the other hand, other authors do not report such an association [64, 65] . Finally, it has to be kept in mind that MDMA is often consumed in typical environmental conditions (dance clubs, rave parties, sleep deprivation) [5] that may interfere with MDMA effects [7] . Consequently, it is still debatable as to what extent the effects reported by MDMA abusers are specifically attributable to their MDMA consumption rather that to other concomitant, circumstantial situations and/or to the lack of distinction between illicit substances.
Conclusively, the effects of MDMA on driving and other human activity requiring skill and attention are not definitively and univocally ascertained; however, despite the existing clear dissociation of effects on different aspects of human performance, MDMA is an issue of some significance to public health and safety [66] .
The present experimental study strongly supports the existing concerns regarding the recreational abuse of MDMA, from a particular methodological angle. The main characteristic of our investigation is that drug dosing and time of the response are controlled exactly and thus the actual effects of MDMA on some peculiar attentional skills are reported. Furthermore, high-dose effects of stimulants on driving performance cannot be readily assessed in experimental, placebo-controlled studies due to obvious medical and ethical constraints [62] , while our animal model offers a look at the effects of high doses of MDMA alone with a closely monitored response correlation over time that may provide interesting information on the safety of MDMA in certain human activities. On the other hand, there is a limitation in that MDMA use is not observed in a natural environmental state such as in society [66] .
Conclusions
In our study the use of a controlled animal (rodents) model in a neutral setting reveals acute prominent changes in sensorimotor and attentional performance, sensor response to external stimuli, and locomotor activity due to a single administration of a dose of MDMA (corresponding to a dose producing in humans both 'desirable, positive' entactogen effects and adverse physiological effects, such as tachycardia, trismus and bruxism).
Within the still ongoing debate on the safety of recreational abuse of MDMA [61] [62] [63] [64] [65] [66] our results, obtained using high doses of MDMA alone in a controlled experimental environment without concurrent different psychoactive substances, could help to provide evidence as to whether the use of amphetamine-like substances such as MDMA could acutely impair some functions (visual, acoustic, tactile responses, sensorimotor integration) that are fundamental in many facets of life (driving and workplace performance).
